The low hardness and poor wear resistance of AISI 316 L austenitic stainless-steel sabotage its outer appearance and shorten its service life when it is subjected to sliding. In this paper, the single-pass ultrasonic surface rolling (USR) process was used to modify the surface of 316 L austenitic stainless steel. A nanostructured surface layer with a depth span of 15 µm was fabricated. Dry wear tests of USR samples were performed on a ring-on-block tester at room temperature, and the results were compared with those for the as-received sample. The USR sample showed a significant reduction in wear mass loss and an improved hardness, as well as a decreased surface roughness. The detailed wear mechanism was also investigated by SEM observations of the worn surfaces. It was indicated that oxidation and abrasive wear, accompanied by mild adhesion, dominated the wear of USR 316 L stainless steel at both low and high speeds. The superior wear performance of USR 316 L was attributed to its nanostructured surface layer, which was characterized by a high hardness and thereby suppressed the severe abrasive wear. The results provided an alternative approach to modifying the surface of 316 L stainless steel, without changing its surface chemical components.
Introduction
As one of the typical stainless steels, 316 L stainless steel has a medium strength, excellent toughness, good plasticity and formability, and good corrosion and oxidative resistance [1, 2] . Thus, it has been widely used in marine, petrochemical, and energy development and other fields. However, 316 L stainless steel possesses a low hardness. As a result, it suffers from poor wear resistance, which sabotages its outer appearance and shortens its service life, when it is subjected to sliding [3, 4] . It is thus of great significance to improve the wear resistance of 316 L stainless steel in order to broaden its application.
In the last two decades, surface nanocrystallization (SNC) has become an attractive surface modifying method. This method involves coating a nanostructure layer on the metal surface using severe plastic deformation technology, without changing the surface chemical components [5] [6] [7] [8] . So far, several methods have been developed to prepare SNC on the metal surface, such as surface mechanical
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Sample Preparation
In this study, a commercial hot-extruded AISI 316 L austenitic stainless-steel bar, with nominal chemical compositions of 0.03 wt % C, 10.7 wt % Ni, 16 .72 wt % Cr, 2.12 wt % Mo, 1.01 wt % Mn, 0.03 wt % Si, 0.0165 wt % S and 0.042 wt % P, was employed. The initial material was machined into a round bar, with a diameter of 30 mm and a length of 500 mm.
Ultrasonic Surface Rolling Process
A schematic illustration of an ultrasonic surface rolling (USR) setup, in which an ultrasonic apparatus was installed in a CNC lathe, is shown in Figure 1 . During the USR processing, a carbide alloy rolling ball, driven by ultrasonic waves, was applied to achieve a high-frequency impact and rolled on the samples under a static force. In the present work, the following USR parameters were used: a rolling ball diameter of 14 mm, an ultrasonic vibration frequency of 28 kHz, a vibration amplitude of 5 µm and an applied static force of 300 N. A single-pass USR process was used to enhance the wear-resistance of AISI 316 L stainless steel. While a multi-pass USR process is generally employed to obtain the gradient nanocrystalline structure, it is energy-extravagant and efficiency-deficient. 
Wear Test, Microstructure Characterization and Hardness Test
The wear tests were performed on the M-2000 tribometer (Shunmao, Jinan, China) in a ring-onblock mode under dry wear conditions at room temperature, as illustrated in Figure 2 . The rings were made of AISI 52100 steel, with a HRC hardness of 63 and a diameter of 30 mm. The applied load was 150 N, and the wear duration was 15 min at a sliding speed of 200 and 400 rpm, respectively. Before and after the wear test, ultrasonic cleaning of the samples in acetone was performed, and the samples were weighed to obtain the mass loss. In order to guarantee the stability of the wear data, each wear test was repeated three times under the same testing conditions. Microstructure observations were performed using optical microscopy (OM, Olympus BX51M, Tokyo, Japan) and a Transmission Electron Microscope (TEM, JEM 2100, JEOL Ltd., Tokyo, Japan). Samples for OM analysis were prepared via grinding, polishing, and etching in an electrolyte of 90% alcohol and 10% perchloric acid. For TEM characterization, a cross-sectional foil was mechanically cut containing the treated surface accompanied by carefully grinding, and further prepared via twinjet polishing, with a solution of 2% perchloric ethanol at 253 K. The wear scars were analyzed using a desktop Scanning Electron Microscope (SEM, Phenom, Thermo Fisher Scientific, Waltham, MA, USA). The micro-hardness was measured using a HXD-1000TC microhardness-testing instrument (Shanghai Taiming Optical Instrument Co., Ltd., Shanghai, China) on the surface of the sample. The load was 0.98 N, and the holding duration was 10 s. The average micro-hardness value of ten test points was used. 
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Results and Discussion
Coatings 2019, 9, 276 4 of 10 Figure 3 shows the typical cross-sectional OM images of the as-received sample and the USR sample. The microstructure of the as-received sample was mainly composed of equiaxed austenitic grains, with a mean size of 19 µm, embedded with a few annealing twins, as shown in Figure 3a . Notably, plastic deformation and grain refinements were observed in the top-surface layer, as shown in Figure 3a . The depth of the surface grain-refined layer extended to around 15 µm. The original austenitic grains in the subsurface were compressed and elongated in the direction parallel to the specimen surface, indicating a plastic deformation zone due to ultrasonic striking during USR. In the plastic deformation zone, deformation twins within grains were clearly observed.
Microstructures of the USR Surface Layer
Typical cross-sectional TEM micrographs, shown in Figure 4a -c, characterized the microstructures of the USR sample's surface. It was apparent that equiaxed nanograins were formed in the top-surface layer of the USR sample, indicating surface nanocrystallization by USR [27, 28] . The corresponding SAED patterns confirmed the nanograin microstructures of the USR sample's surface and indicated that the nanostructured surface layer is composed of martensite and austenite grains with random crystallographic orientations. The grain size ranged from approximately 6 to 15 nm, which was comparable with that generated by SMAT [29] , while it was much smaller than that generated by SMRT [17] . The equiaxed nanograins were generated through dynamic recrystallization under severe plastic deformation, induced by USR. The detailed formation of the nanograins for coarse-grained polycrystals by USR involved various dislocation activities and the development of grain boundaries, which were similar to the results obtained by SMAT [27] . The high density of dislocations and dislocation tangles within the austenitic grains in the plastic deformation zone provided evidence for the above inference (Figure 4b ). Moreover, increased deformation twins were visible in the plastic deformation zone (Figures 3a and 4c) , which indicated that mechanical twinning played an important role in the formation of nanograins. Because 316 L stainless steel exhibits a low stacking fault energy, mechanical twinning prevails in server plastic deformation. The high plastic strain subjected to USR played a crucial role in the formation of the nanostructure, and it facilitated dislocation generation and suppressed dislocation annihilation [30] . The surface nanocrystallization induced by USR has been found in several metals, such as 40Cr [24] , 304 stainless steel [31] , and Ti6Al4V [32] . The present nanostructure surface layer was relatively thin because of the insufficient plastic deformation subjected to the single-pass USR. The thick nanostructure surface layer could be obtained by increasing the passes of USR.
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Mechanical and Wear Behaviors
SEM observations and EDS analysis of the worn surfaces were conducted to understand the material removal and dissection of the wear mechanisms. Figures 6 and 7 show SEM micrographs of The severe plastic flow and adhesion phenomena were related to the relatively low microhardness of the as-received sample, compared with its friction couple. The prevailing oxidation wear at a low wear speed was generally related to the initial oxidation film on the metal's surface. Raw AISI 316 L stainless steel and its AISI 52100 steel friction couple were covered by an oxidation film. Therefore, wear indeed occurred between the two oxidation films at a low speed, and thus the oxidation prevailed, but the wear mass loss was low. Increasing the wear velocity led to a direct metal-to-metal contact. Thus, the abrasive wear became dominant, accompanied by a high wear mass loss. These findings were consistent with those from a previous report on the wear of steel [33] .
Due to its low hardness, 3l6 L stainless steel generally shows a low wear resistance, especially when the abrasive wear is dominant. After the USR processing, a significantly improved hardness was obtained because of the resultant nanostructured surface layer. This hard and nanostructured surface layer can withstand severe adhesive wear and plastic flow, which thus played a critical role in enhancing the wear resistance of 316 L stainless steel. Furthermore, an additional roughness test was performed. The average surface roughness was R a 0.04 µm and R a 0.8 µm for the USR sample and the as-received sample, respectively. This demonstrated that USR reduced surface roughness, which was consistent with previous reports on other metals [24] . Generally, the roughened surface tended to reduce the wear mass loss. This reinforced the critical role of the nanostructured surface layer in enhancing the wear resistance of 316 L stainless steel. However, the initial roughness, after the wear test, was completely changed (Figure 6 ) because of the severe oxidation and abrasive wear. Therefore, we considered that the roughness had a less significant influence on the wear of 316 L stainless steel under the present condition. Moreover, the different subsurface damages and cracking may be related to the enhanced wear resistance of the USR sample, which will be further addressed in future works.
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Conclusions
In this paper, the single-pass ultrasonic surface rolling process was used to modify the surface of AISI 316 L stainless steel to improve its surface properties. The main conclusions that were drawn are as follows:

A nanostructured surface layer, with a depth span of 15 μm, was fabricated on AISI 316 L stainless steel through USR processing.  USR 316 L stainless steel exhibited a significantly improved hardness and enhanced wear resistance, as well as a decreased surface roughness, compared with the as-received sample.  Oxidation and abrasive wear, accompanied by mild adhesive wear, contorted the wear of USR 316 L stainless steel at both low and high wear speeds.
The superior wear-resistant performance of USR 316 L stainless steel was attributed to the nanostructured surface layer, which had a high hardness and thereby withstood the severe abrasive wear. 
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Conclusions
• A nanostructured surface layer, with a depth span of 15 µm, was fabricated on AISI 316 L stainless steel through USR processing.
• USR 316 L stainless steel exhibited a significantly improved hardness and enhanced wear resistance, as well as a decreased surface roughness, compared with the as-received sample.
• Oxidation and abrasive wear, accompanied by mild adhesive wear, contorted the wear of USR 316 L stainless steel at both low and high wear speeds.
•
The superior wear-resistant performance of USR 316 L stainless steel was attributed to the nanostructured surface layer, which had a high hardness and thereby withstood the severe abrasive wear.
